The ability of leukemia cells to accumulate methotrexate polyglutamate (MTXPG) is an important determinant of the antileukemic effects of methotrexate (MTX). We measured in vivo MTXPG accumulation in leukemia cells from 101 children with acute lymphoblastic leukemia (ALL) and established that B-lineage ALL with either TEL-AML1 or E2A-PBX1 gene fusion, or T-lineage ALL, accumulates significantly lower MTXPG compared with Blineage ALL without these genetic abnormalities or compared with hyperdiploid (fewer than 50 chromosomes) ALL. To elucidate mechanisms underlying these differences in MTXPG accumulation, we used oligonucleotide microarrays to analyze expression of 32 folate pathway genes in diagnostic leukemia cells from 197 children. This revealed ALL subtypespecific patterns of folate pathway gene expression that were significantly related to MTXPG accumulation. We found significantly lower expression of the reduced folate carrier (SLC19A1, an MTX uptake transporter) in E2A-PBX1 ALL, significantly higher expression of breast cancer resistance protein (ABCG2, an MTX efflux transporter) in TEL-AML1 ALL, and lower expression of FPGS (which catalyzes formation of MTXPG) in T-lineage ALL, consistent with lower MTXPG accumulation in these ALL subtypes. These findings reveal distinct mechanisms of subtype-specific differences in MTXPG accumulation and point to new […] Article Oncology
Introduction
During the past 2 decades, antileukemic agents for the treatment of childhood acute lymphoblastic leukemia (ALL) have remained essentially unchanged; hence the significant increase in event-free survival is attributed largely to optimization of existing medications. Current strategies are aimed at further enhancing efficacy and reducing toxicity of ALL therapy, based on a better understanding of cellular mechanisms of antileukemic effects, and insights into the biological basis of ALL subtype differences in treatment response. Subtypes with a relatively unfavorable prognosis on many treatment protocols include T-lineage ALL (T-ALL) and ALL with rearranged MLL genes or with BCR-ABL gene fusion, whereas ALL with either TEL-AML1 or E2A-PBX1 gene fusions, or hyperdiploid karyotypes (fewer than 50 chromosomes), have a relatively good prognosis with most treatment protocols (1) . Methotrexate (MTX) is a major component in all contemporary treatment protocols for childhood ALL, and much is known about the cellular and molecular pharmacology of MTX in ALL (2) . The ability of cells to form and accumulate MTX polyglutamates (MTXPGs) is well recognized as a determinant of MTX cytotoxicity (3, 4) . Compared with MTX, MTXPGs are retained longer in cells (5) and compete more avidly with some cellular folate cofactors (e.g., 10-formyl-tetrahydrofolate, 5,10-methylene-tetrahydrofolate, and 5,10-methenyl-tetrahydrofolate), thereby inhibiting target enzymes in biosynthetic pathways that are critical for DNA synthesis, DNA repair, and cell replication (i.e., thymidine synthesis and de novo purine synthesis [DNPS]) (6, 7) . In addition to interpatient differences in the systemic pharmacokinetics of MTX (8) , cellular MTXPG levels are influenced by (a) transmembrane MTX transport including influx via the reduced folate carrier (RFC, or solute carrier, family 19, member 1 [SLC19A1]), and, to a much lower extent, via folate receptors or low-pH folate transporters (2, 9) , and active efflux via the ABC transporters multidrug resistance-associated proteins 1-4 (MRP1-4, or ABCC1-4) (10-12), breast cancer resistance protein (BCRP, or ABCG2) (13) , and under certain conditions P-glycoprotein (MDR1, or ABCB1) (14) ; (b) cytosolic glutamylation of MTX to MTXPG via folylpolyglutamate synthetase (FPGS) (15) ; and (c) lysosomal degradation of MTXPGs to MTX via γ-glutamyl hydrolase (GGH) (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI200522477DS1) (16) .
Furthermore, it is likely that other molecules involved in folate and one-carbon metabolism or other cellular proteins can influence MTXPG disposition in leukemia cells. It is well established that major ALL subtypes accumulate different amounts of MTXPG in vitro (17) (18) (19) and in vivo (20) , and these differences have been attributed to differences in FPGS activity (21) (22) (23) , SLC19A1 expression (24, 25) , and GGH activity (26) . However, a comprehensive analysis of gene expression patterns influencing MTXPG accumulation in ALL subtypes has not been previously undertaken. Moreover, there are some ALL subtypes for which intracellular MTXPG disposition has not been thoroughly investigated (e.g., E2A-PBX1 ALL).
The current study was therefore conducted to investigate MTXPG accumulation in specific genetic subtypes of ALL and elucidate mechanisms underlying subtype-specific differences in MTXPG accumulation in leukemia cells after in vivo high-dose MTX (HDMTX) treatment. Such insights hold promise to guide treatment modifications that will further improve outcome of this heterogeneous disease.
Results

MTXPG accumulation in ALL subtypes and MTX pharmacokinetics.
The concentrations of total MTXPG in ALL cells of 101 patients treated with HDMTX (1 g/m 2 ), grouped by ALL subtype, are summarized in Figure 1 . The groups were B-lineage ALL with TEL-AML1 (n = 24), B-lineage ALL with a hyperdiploid karyotype (hyperdiploid B-lineage ALL; BHD ALL; n = 19), B-lineage ALL with E2A-PBX1 (n = 5), B-lineage ALL with no defined molecular genetic abnormality (nonhyperdiploid B-lineage ALL; BNHD ALL; n = 39), and T-ALL (n = 14). We found that T-ALL and B-lineage ALL with either the TEL-AML1 or the E2A-PBX1 fusion accumulated significantly lower total and long-chain MTXPG levels after HDMTX, compared with BHD or BNHD ALL (P < 0.0001; Figure 1 ). BHD ALL accumulated the highest levels of MTXPG. Similar differences were observed when long-chain MTXPGs were compared (Table 1) . There was no difference in MTX plasma concentrations (area under the curve from 0 to 48 hours) among patients with different ALL subtypes (P = 0.33, Kruskal-Wallis test).
Gene expression differences across ALL subtypes. After removal of probe sets expressed in less than 5% of samples and combination of highly correlated probe sets for the same gene (by averaging of standardized signals of each probe set; Pearson correlation coefficient r > 0.4), 25 candidate folate pathway transcripts (corresponding to 23 genes on the HG-U133A GeneChip oligonucleotide microarray; Affymetrix Inc.) were identified (Supplemental Table 1 ). "Unsupervised" hierarchical clustering of the expression signals of these transcripts clustered patients by ALL subtypes as shown in Figure 2 .
T-ALL, TEL-AML1 ALL, BHD ALL, and E2A-PBX1 ALL formed more discrete sample clusters compared with BNHD ALL, demonstrating that these ALL subtypes have distinct patterns of expression of genes involved in folate/antifolate metabolism, whereas there was substantial heterogeneity in BNHD ALL, which has none of these genetic-subtype features. For "supervised" comparisons across subtypes, these 25 transcripts provided an estimated prediction accuracy of 83% (95% confidence interval = 75-92%) for correctly assigning ALL genetic subtype or lineage. The average sensitivity for predicting ALL subtypes based on these 25 transcripts was 93% for T-ALL, 89% for TEL-AML1, 84% for BNHD, 82% for BHD, and 67% for E2A-PBX1. The average true-positive rate of predicting subtypes was 100% for T-ALL, 92% for BHD, 88% for TEL-AML1, 88% for E2A-PBX1, and 72% for BNHD. The top 10 folate pathway genes discriminating ALL subtypes are shown in Table 2 .
The top 10 discriminating genes include those encoding 2 enzymes involved in DNPS (5- 
Figure 1
Box plot of intracellular concentration of total methotrexate polyglutamates (MTXPG2-7) according to ALL subtypes, following in vivo treatment with 1 g/m 2 MTX infused over 24 hours. MTXPG accumulation (picomoles per 10 9 bone marrow ALL cells) is shown for hyperdiploid B-lineage ALL (BHD, n = 19), nonhyperdiploid B-lineage ALL without defined molecular genetic abnormalities (BNHD, n = 39), ALL with E2A-PBX1 fusion (E2A-PBX1, n = 5), T-ALL (n = 14), and ALL with TEL-AML1 fusion (TEL-AML1, n = 24). Medians, quartiles, and ranges excluding outliers (circles) are depicted. P values are from pairwise comparisons using the Wilcoxon rank sum test after adjustment for multiple testing. (27) , and GTP cyclohydrolase 1 (GCH1), which catalyzes sequential reactions in folate biosynthesis. The expression patterns among ALL subtypes of the 3 MTX transporters and FPGS are depicted in Figure 3 ; the expression patterns of 4 additional subtype-discriminating folate/antifolate pathway genes (ATIC, GART, MTHFD1, and MTHFD2) are provided in Supplemental Figure 4 . Expression of FPGS was lower in T-ALL compared with all other subtypes (versus BHD, BNHD, and E2A-PBX1, P < 0.0001; versus TEL-AML1, P = 0.0004) and lower in TEL-AML1 compared with all other subtypes except T-ALL (versus BNHD, P < 0.0001; versus BHD, P = 0.054; versus E2A-PBX1, P = 0.060). Reduced folate carrier mRNA (RFC, or SLC19A1) was expressed at a higher level in BHD ALL (versus any other ALL subtype, P < 0.0001) and at a lower level in E2A-PBX1 (versus BHD and T-ALL, P < 0.0001; versus BNHD, P = 0.0006; versus TEL-AML1, P = 0.044). In addition, multidrug resistance-associated protein 1 mRNA (MRP1, or ABCC1) was expressed at a lower level in E2A-PBX1 ALL (versus BNHD, TEL-AML1, and T-ALL, P < 0.0001; versus BHD, P = 0.0004), but at a higher level in T-ALL (versus any other ALL subtype, P < 0.0001). The ABCG2 gene, which encodes for an efflux transporter (i.e., BCRP), was found to be overexpressed in TEL-AML1 ALL (versus any other ALL subtype, P < 0.0001). All P values are from pairwise comparisons using the Wilcoxon rank sum test adjusted for multiple testing by Holm's method.
Correlation structure in expression of genes in MTXrelated pathways. Unsupervised hierarchical clustering analysis grouped the 25 transcripts into 2 major clusters, each of which contained functionally interrelated genes ( Figure 2 ). The smaller cluster, highlighted in purple (9 transcripts; Figure 2 , left), contained most of the transporters (all except RFC, or SLC19A1, and MRP1, or ABCC1), plus genes encoding enzymes catalyzing polyglutamate synthesis (FPGS) or degradation (GGH), whereas the larger cluster (16 transcripts) contained primarily genes involved in folate-mediated one-carbon metabolism and folate synthesis. Transcripts encoding for enzymes contiguous in folate coenzyme interconversion reactions (MTHFD1, MTHFD2), DNPS (GART, ATIC), and pyrimidine synthesis (thymidylate synthetase [TYMS], dehydrofolate reductase [DHFR]) constituted a tight subcluster ( Figure 2 , right, highlighted in magenta). Within this subcluster, 1 additional gene was found (RUVBL2), encoding the human homolog of the bacterial (E. coli) DNA helicase RuvB. The expression levels of DHFR, TYMS, MTHFD1, MTHFD2, ATIC, GART, and RUVBL2 strongly correlated with each other (median Pearson correlation coefficient r = 0.44, range 0.18-0.68; Figure 4 ).
Even after adjustment of expression levels for subtype differences, these 7 transcripts still constituted a tight cluster (data not shown). A TRANSFAC database search for transcription factor binding sites within 1,200 bp upstream of exon 1 was performed for all 25 transcripts, revealing E2F binding sites in all 7 transcripts whose expression levels were well correlated (i.e., DHFR, -11 bp; TYMS, -8 bp; GART, -262 bp; MTHFD1, -285 bp; ATIC, -368 bp; MTHFD2, -913 bp; and RUVBL2, -1,142 bp), but not in the other transcripts.
Association between gene expression and cellular MTXPG accumulation. Because total MTXPG accumulation was significantly correlated with ALL subtypes (r 2 = 0.56, P < 0.0001, linear regression model), we investigated whether the expression of these 25 transcripts was sig-
Figure 2
Unsupervised hierarchical clustering of 25 candidate gene transcripts based on expression in bone marrow ALL cells from 197 newly diagnosed patients with defined ALL subtypes. Each column represents a gene probe set and each row a patient. ALL subtypes are depicted by different colors: red (BHD, n = 42), blue (BNHD, n = 58), yellow (E2A-PBX1, n = 21), black (T-ALL, n = 35), and green (TEL-AML1, n = 41). The gene cluster highlighted in magenta indicates 7 tightly clustered transcripts. The gene cluster highlighted in purple includes most of the transporters (9 transcripts). Probe set signal values were normalized to the mean across patients, and values for each individual case are represented by a color, with green corresponding to SD (σ) below and red corresponding to SD (σ) above the mean, according to the scale shown.
nificantly predictive of total MTXPG accumulation in a leave-oneout cross-validation with support vector machine (SVM). We constructed SVMs with both linear and nonlinear (radial) kernels, the latter reflecting more complex interactions among these transcripts. The predicted total MTXPG levels were significantly correlated with the observed MTXPG (r 2 = 0.21, P = 0.0004, linear kernel; r 2 = 0.37, P < 0.0001, nonlinear kernel). In multiple linear regression analyses that included ALL subtype as a covariate, the MTXPG values predicted based on the nonlinear kernel remained significantly related to the observed MTXPG levels (P = 0.043), whereas the MTXPG values based on the linear kernel were no longer significant (P = 0.79).
Among patients with both MTXPG accumulation and gene expression data (n = 54; BNHD, n = 22; BHD, n = 9; T-ALL, n = 9; TEL-AML1, n = 11; E2A-PBX1, n = 3), the largest subgroup was BNHD, which also exhibited the highest variation in total MTXPG accumulation. Spearman's rank correlation between MTXPG and gene expression within this group of patients revealed that the expression of TYMS (ρ = 0.65, P = 0.0014), MTHFD1 (ρ = 0.62, P = 0.0027), and RUVBL2 (ρ = 0.60, P = 0.0036) significantly discriminated total MTXPG accumulation in BNHD ALL. The expression of TYMS remained statistically significant even after adjustment for multiple testing (adjusted P = 0.025). The correlation between total MTXPG accumulation and expression of TYMS and MTHFD1 is depicted in Supplemental Figures 5 and 6. MTHFD2 (ρ = 0.74, P = 0.025), PPAT (ρ = -0.73, P = 0.03), and RUVBL2 (ρ = -0.69, P = 0.05) were predictive of MTXPG accumulation within T-ALL. None of the transcripts was predictive of variability in MTXPG accumulation within BHD or TEL-AML1 ALL, likely because of the small number of patients in these 2 subgroups.
DNA synthesis and folate pathway gene expression. Data on the percentage of cells in S phase of the cell cycle and gene expression were available in 52 patients (BHD, n = 8; BNHD, n = 18; E2A-PBX1, n = 6; T-ALL, n = 4; TEL-AML1, n = 16). There were no significant differences in the percentage of cells in S phase among ALL subtypes (P = 0.17, Kruskal-Wallis test). By Spearman's rank correlation, mRNA levels of TYMS (ρ = 0.57, P < 0.0001), DHFR (ρ = 0.51, P = 0.0001), MTHFD1 (ρ = 0.30, P = 0.029), and RUVBL2 (ρ = 0.28, P = 0.04) were significantly associated with the percentage of cells in S phase (Supplemental Figure 7) .
Folate pathway gene expression, MTXPG accumulation, and peripheral blast reduction after HDMTX. Cellular MTXPG accumulation in BNHD ALL cells (n = 14 patients) was significantly correlated with MTX's in vivo cytotoxic effect, as measured by the reduction of circulating ALL cells over 4 days following HDMTX therapy (ρ = 0.6, P = 0.026, n = 14, Spearman's rank correlation). Within this group of ALL patients, ABCG2 mRNA expression was significantly correlated with MTX's in vivo cytotoxic effect (ρ = -0.68, P = 0.009); in addition, mRNA levels of ABCC4 (ρ = -0.52, P = 0.06), TYMS (ρ = 0.49, P = 0.07), and ATIC (ρ = -0.48, P = 0.087) were marginally correlated with peripheral blood blast reduction on day 4.
Discussion
MTXPG accumulation in ALL cells is a determinant of MTX's in vivo antileukemic effects (3) . MTXPG accumulation has been previously shown to be lower in T-ALL and higher in BHD ALL, compared with BNHD ALL, both in vivo (3) and ex vivo (17, 18) . In addition, ALL cells carrying the TEL-AML1 fusion gene have been shown to accumulate lower MTXPG levels in vitro, when compared with B-lineage cells without this translocation (19) , and the current work has documented this in vivo. In addition to validating lower accumulation of MTXPG in T-ALL and TEL-AML1 ALL in vivo, we identified ALL with the E2A-PBX1 fusion as a new ALL subtype with significantly lower MTXPG accumulation. Furthermore, our candidate-gene strategy to identify folate pathway genes related to MTXPG accumulation has revealed new insights into mechanisms underlying these lineage and genetic-subtype differences in MTXPG accumulation in ALL cells. Our results indicate that genes encoding for proteins involved in cellular folate/antifolate homeostasis have distinct expression patterns across the 5 ALL subtypes studied (Figure 2) , and that the pattern of expression of these genes is significantly related to MTXPG accumulation in ALL cells. Interestingly, the correlation between MTXPG accumulation and gene expression pattern was better described using a nonlinear model, which likely reflects the complexity of interaction among the selected candidate genes, and the nonlinear nature of many biological processes.
Among the folate pathway genes whose expression was significantly associated with ALL subtype, 2 genes have well-defined functions in cellular MTX uptake and polyglutamylation: reduced folate carrier (RFC, or SLC19A1) and FPGS. FPGS expression was significantly lower in T-ALL, compared with other subtypes, a finding that is in line with our previous report of lower FPGS activity in T-ALL (21, 22) , which has subsequently been corroborated by others (23) . We have also previously reported that lymphoblast FPGS activity is significantly correlated with FPGS mRNA levels (22) ; therefore, the lower FPGS expression observed in ALL cells containing the TEL-AML1 fusion gene ( Figure 3A ) points to this as a mechanism for low MTXPG accumulation in this ALL subtype as well.
We and others have shown that the SLC19A1 gene, which encodes the predominant MTX (and folate) uptake transporter, RFC, is overexpressed in B-lineage cells with more than 50 chromosomes (24, 25) , partly because of extra copies of chromosome 21, and that its overexpression is associated with high cellular accumulation of MTXPG (25) . Our current findings have identified an opposite phenotype in ALL cells containing the E2A-PBX1 gene fusion, which exhibit significantly lower SLC19A1 expression and MTXPG accumulation. This gene fusion, which results from a t(1;19) (q23;p13.3) chromosomal translocation, is found in about 5% of children and adults with ALL (1, 28). Children whose leukemic cells express E2A-PBX1 have a poor prognosis compared with patients with standard-risk B-lineage ALL, when treated with conventional antimetabolite-based chemotherapy protocols (29, 30) .
Empirically based treatment intensification, including consolidation therapy with HDMTX, has resulted in improved cure rates in children with E2A-PBX1 ALL (1, 31), but it is unknown which intensification element(s) is responsible for the improved outcome. The current finding of low MTXPG accumulation in E2A-PBX1 ALL is the first chemotherapy-resistance mechanism to be identified in this ALL subtype. As impaired drug transport via SLC19A1 is a documented mechanism of MTX resistance in ALL (32, 33) and SLC19A1 expression in E2A-PBX1 ALL is low, this suggests that HDMTX may be a strategy to overcome resistance and therefore improve outcome in this ALL subtype (34) . Indeed, we observed that in vivo MTXPG accumulation in E2A-PBX1-positive bone marrow cells obtained 42-44 hours after HDMTX was significantly higher in 5 children who received HDMTX (1 g/m 2 ) infused over 24 hours compared with 6 children who received low-dose MTX (i.e., 30 mg/m 2 orally every 6 hours, 6 times; median 553 versus 246 pmol MTXPG 2-7 per 10 9 cells, P = 0.017, Wilcoxon rank sum test). Additional studies are needed to define the nature of SLC19A1 function and MTX uptake as a resistance mechanism in E2A-PBX1 ALL. However, our results indicate that HDMTX consolidation therapy may be of particular benefit for this subgroup of children with ALL. Notably, the clinical trials
Figure 3
Gene expression of FPGS and 3 transporters with known MTX transport capacity in ALL subtypes. Box plots with medians, quartiles, and ranges excluding outliers (circles) of log mRNA expression are depicted for folylpolyglutamate synthetase (FPGS) (A), reduced folate carrier (RFC, or SLC19A1) (B), multidrug resistance-associated protein 1 (MRP1, or ABCC1) (C), and breast cancer resistance protein (BCRP, or ABCG2) (D). Data from 197 patients were plotted (BHD, n = 42; BNHD, n = 58; E2A-PBX1, n = 21; T-ALL, n = 35; TEL-AML1, n = 41). P values were determined by the Kruskal-Wallis test. The red boxes indicate subtypes in which gene expression was significantly higher, whereas the green boxes indicate subtypes with significantly lower expression of the gene depicted.
Figure 4
Correlation in mRNA expression levels in ALL cells between DHFR and TYMS, and between TYMS and methylenetetrahydrofolate dehydrogenase 1 (MTHFD1). Data are shown for ALL cells from 197 patients. P values are from Pearson correlation. BHD subtypes (n = 42) are depicted in red, BNHD (n = 58) in blue, E2A-PBX1 (n = 21) in yellow, T-ALL (n = 35) in black, and TEL-AML1 (n = 41) in green.
with the best treatment results for E2A-PBX1 ALL, the St. Jude Total Therapy XIII protocol and the Berlin-Frankfurt-Muenster (ALL-BFM 90) protocol, with 5-year event-free survival rates of 89.5% ± 7.3% and 93% ± 6%, respectively, featured HDMTX consolidation therapy (1, 35) .
Two other genes whose expression was significantly different among ALL subtypes also encode MTX transporters, ABCC1 and ABCG2. The ABCC1 product is multidrug resistance-associated protein 1 (MRP1), an ABC, subfamily C, cellular efflux pump. In shortterm exposure assays, ABCC1 overexpression can confer resistance to MTX by mediating cellular MTX efflux, resulting in lower cellular accumulation and less substrate for polyglutamylation (10, 11) . Although ABCC1 lowered cellular MTX and MTXPG accumulation in long-term exposure assays as well, MTX resistance was not observed under this condition, and the limited-resistance phenotype has been attributed to the inability of MRPs to transport MTXPGs (10) . However, the impact of ABCC1 on cellular MTXPG accumulation and MTX resistance is complex, as ABCC1 plays an important role in cellular folate homeostasis as well (36) (37) (38) . We observed overexpression of ABCC1 mRNA in T-ALL, but very low expression in E2A-PBX1 ALL, yet both ALL subtypes accumulate low MTXPG after 1 g/m 2 MTX infused over 24 hours (i.e., longterm MTX exposure). This may be explained by differences in compensatory mechanisms in these ALL subtypes, such as lower RFC (SLC19A1) expression in E2A-PBX1 but not T-lineage ALL. Further studies will be required to better define the importance of ABCC1 in MTXPG and folate accumulation in leukemic cells.
Interestingly, ABCG2, which encodes for ABC, subfamily G, member 2 (i.e., BCRP), was overexpressed in ALL cells containing the TEL-AML1 gene fusion ( Figure 3D ). ABCG2 is a low-affinity, high-capacity MTX transporter, involved in MTX efflux from cells (13) . In contrast to MRPs, ABCG2 additionally transports short-chain MTXPGs, which has been proposed as the underlying mechanism for MTX resistance in ABCG2-overexpressing cell lines after continuous MTX exposure (13) . It is noteworthy that only wild-type BCRP, but not the mutant forms (R482T or R482G), transports MTX and MTXPGs (13, 39) . A recent study on primary ALL cells from 46 newly diagnosed patients (children and adults) showed that ABCG2 was more highly expressed and functionally more active in B-lineage ALL than in T-ALL (40) , which is in line with our findings ( Figure 3D ). However, our findings extend these early findings by showing that a specific genetic subtype of B-lineage ALL (TEL-AML1) has significantly higher expression of ABCG2 than all other ALL subtypes.
Though it was not the primary objective of our study, we established distinct correlation structures in gene expression patterns among the candidate folate pathway genes in ALL cells. Of note, 7 genes, i.e., DHFR, TYMS, MTHFD1, MTHFD2, ATIC, GART, and RUVBL2, constituted a tight subcluster. DHFR and TYMS expression is controlled by E2F-family transcription factors; and there is evidence that cell cycle entry and proliferation are regulated by the balance of E2F activities (41) . Correlated expression of DHFR and TYMS has been observed in sarcoma cell lines (42) and has been documented in ALL cells via quantitative RT-PCR as well (43) . We detected E2F binding sites within the promoter region of all 7 genes in this cluster of functionally related genes, but not in the other 18 folate pathway genes investigated.
Our results indicate that in ALL cells, the expression of genes encoding enzymes contiguous in one-carbon interconversion reactions (MTHFD1 and MTHFD2), DNPS (GART and ATIC), and pyrimidine synthesis (TYMS and DHFR) is highly correlated, consistent with common regulation of their expression. Interestingly, GART, ATIC, MTHFD1, MTHFD2, and RUVBL2 are expressed at a low level in TEL-AML1 ALL, which is in line with our recent finding of lower DNPS in this ALL subtype (44) . As expected, MTHFD1 expression was highly correlated with cellular DNPS in 48 diagnostic ALL samples (r 2 = 0.34, P < 0.0001; data not shown). Conversely, these 7 genes were overexpressed in T-ALL. Patients with T-ALL often present with high blast counts at diagnosis (45) ; therefore the overexpression of key enzymes of pyrimidine and de novo purine synthesis is in line with significantly higher DNPS rates in T-ALL (46) . In addition, we established that TYMS, DHFR, MTHFD1, and RUVBL2 expression is significantly correlated with the percentage of ALL cells in S phase (Supplemental Figure 7) .
The current study confirmed previous findings (3) showing that MTXPG accumulation is a determinant of MTX's in vivo antileukemic effect, as measured by the reduction of circulating ALL cells on day 4 after HDMTX therapy, in the largest ALL subgroup (BNHD; ρ = 0.6, P = 0.026, n = 14, Spearman's rank correlation). Furthermore, we found a significant relationship between expression of ABCG2, ABCC4, and TYMS and MTX's cytotoxic effects (i.e., reduction in circulating blasts on day 4 after HDMTX) in BNHD ALL.
The current study documented that MTXPG accumulation differs significantly among the 5 ALL subtypes studied and identified E2A-PBX1 ALL as a new subtype with low MTXPG accumulation. To our knowledge, our studies also provide the first evidence of ALL subtype-specific expression patterns for folate pathway genes. Moreover, the pattern of expression of genes known to be involved in MTX uptake or efflux from ALL cells (e.g., SLC19A1, ABCC1, ABCG2) and MTX polyglutamylation (FPGS) discriminated the observed ALL subtype differences in MTXPG accumulation. The current work has thus revealed new insights into the mechanisms responsible for ALL subtype differences in MTXPG accumulation, identified ALL with the E2A-PBX1 fusion as a new genetic subtype with low MTXPG accumulation, and pointed to ALL subtype-specific strategies to overcome this cause of ALL drug resistance.
Methods
Patients, ALL subtypes, and treatment. A total of 244 children aged 18 years or younger with newly diagnosed ALL, enrolled in the Total Therapy XIIIA, XIIIB, and XV protocols, were included in this study (31) (Supplemental Figure 2) . The Institutional Review Board at St. Jude Children's Research Hospital approved the investigation, and signed informed consent was obtained from patients, parents, or legal guardians before enrollment, as appropriate. The diagnosis of ALL was based on morphology, cytochemical staining, immunophenotyping, cytogenetic analysis, and molecular characterization, as previously described (1, 47) . All patients had well-characterized ALL subtypes and were grouped into B-lineage leukemia that contained t(1;19) (E2A-PBX1, n = 23), t(12;21) (TEL-AML1, n = 46), a hyperdiploid karyotype (i.e., >50 chromosomes; BHD, n = 52), or neither any of these nor any other prognostic molecular genetic abnormalities (BNHD, n = 75); and T-ALL (n = 48). Because of the small number of patients with MLL-rearranged or BCR-ABL ALL, these subtypes were not included in our analysis.
The amount of MTXPG in bone marrow ALL cells was measured at 42-44 hours after treatment in 101 patients, who received identical singleagent HDMTX treatment, according to either the Total Therapy XIIIA (n = 56) or the Total Therapy XV (n = 45) protocol. MTX was given as a 200 mg/m 2 i.v. push, followed by 800 mg/m 2 continuous i.v. infusion over 24 hours, after prehydration and under supportive therapy as previously described (3) . Leucovorin rescue was started after the 42-to 44-hour bone marrow aspirates were obtained. Samples consisted of 5-10 ml of bone marrow collected in syringes containing 800 U of heparin, and kept on ice until processed. Leukemic cells were obtained by density separation over a Ficoll-Hypaque gradient and washed 3 times with a solution of HEPES, HBSS, and heparin, as previously described (3) .
Determination of MTXPG in bone marrow ALL cells. Intracellular MTXPGs were extracted in a buffered solution (Tris, EDTA, and 2-mercaptoethanol) by boiling (100°C for 10 minutes), then frozen at -80°C until analysis. The HPLC separation and the radioenzymatic quantitation of MTX and 6 polyglutamylated metabolites (MTXPG2 to MTXPG7) were performed as previously described (3) . All results were expressed as picomoles of MTX or MTXPG per 10 9 cells.
Pharmacokinetic analysis. The systemic pharmacokinetics of MTX were estimated using a first-order 2-compartment model, using a Bayesian estimation algorithm, as implemented in ADAPT II software (Biomedical Simulations Resource, University of Southern California, Los Angeles, California, USA) (48) . The area under the curve from 0 to 48 hours (μM × h/l), before the first dose of leucovorin, was calculated by standard trapezoidal methods using the best-fit curve as previously described (3).
Cell cycle distribution. The percentage of ALL cells in S phase was determined in diagnostic bone marrow aspirates in patients for whom an adequate number of cells were available (n = 54). Propidium iodide-stained DNA content was measured by flow cytometry using the Coulter EPICS V flow cytometer (Coulter Electronics Corp.), and the computer program ModFit (Verity Software House Inc.) was used to calculate the percentages of cells in G0/G1, S, and G2/M phase, respectively.
RNA extraction and gene expression profiling. Of all 244 patients, 197 patients with sufficient blasts in their bone marrow aspirates to permit RNA isolation from 5 million to 10 million leukemia cells (median 97% blasts) were available for assessment of gene expression in pretreatment bone marrow ALL cells. Fifty-four of these 197 patients were among the 101 patients for whom MTXPG was measured in ALL cells after HDMTX treatment (Supplemental Figure 2) . We extracted high-quality total RNA with TRI Reagent (Molecular Research Center Inc.) from cryopreserved mononuclear cell suspensions from bone marrow at diagnosis. Using methods previously described in detail (47) , total RNA was processed and hybridized to the HG-U133A GeneChip oligonucleotide microarray (Affymetrix Inc.; see manufacturer's manual for detailed protocol) (49) . Default settings of Microarray Suite software version 5.0 (Affymetrix Inc.) were used to calculate scaled gene expression values.
A total of 53 candidate gene probe sets (representing 32 genes) were selected for the analysis, based on a search of the National Center for Biotechnology Information (50) for "mtx, transport, metabolism, human" and an examination of the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database (51) under "Human, one carbon pool by folate," and "Human, folate biosynthesis." Among these candidate genes were also included 3 genes (7 probe sets for 5,10-methylenetetrahydrofolate reductase [MTHFR], phosphoribosyl pyrophosphate amidotransferase [PPAT], and ferritin heavy polypeptide 1 [FTH1] genes) that are known to be of potential importance in folate/antifolate metabolism but were not found in the National Center for Biotechnology Information search or the KEGG database (Supplemental Table 1 ).
To further establish the validity of gene expression determined by microarray analysis, we performed quantitative real-time RT-PCR in 4 patient samples for 4 genes. The correlation (r 2 ) between mRNA expression determined by real-time RT-PCR and microarray analyses was 84% for ATIC, 91% for TYMS, 75% for ABCG2, and 88% for MTHFD1 (Supplemental Figure 3) .
Folate pathway gene expression, MTXPG accumulation, and peripheral blast reduction after HDMTX. White blood cell count and manual differential were determined in peripheral blood samples obtained before HDMTX administration and on day 4 after the start of HDMTX therapy. The white blood cell count was measured using a Coulter Counter (model F+STKR; Coulter Electronics Corp.), and the manual differential was performed using Wright-Giemsa stain with Hematek 2000 (Ames Corp.). The peripheral blast count was calculated as the white blood cell count multiplied by the percentage of blasts on a peripheral smear, divided by 100 (10 9 per liter). The effects of MTX on peripheral blast count were assessed in the 14 patients with BNHD ALL who had a peripheral blood blast count greater than 1 × 10 9 per liter before starting MTX and from whom gene expression and MTXPG data were available.)
Statistical analysis and bioinformatics. Expression signals were log-transformed. Probe sets called "absent" in over 95% of 197 patients were not included in the following analysis. Highly correlated probe sets (Pearson correlation coefficient r > 0.4) encoding for the same gene were considered to be measuring 1 transcript and were combined into 1 expression variable by averaging of the standardized signals of each probe set. Probe sets representing the same gene with expression not correlated were considered independent transcripts (i.e., for GART and PPAT; Supplemental Table 1 ).
Differences in MTX areas under the curve and MTXPG accumulation among the 5 ALL subtypes, as well as differences in gene expression for each transcript among subtypes, were evaluated using the Kruskal-Wallis test and by pairwise comparisons using the Wilcoxon rank sum test. P values from pairwise comparisons were adjusted for multiple testing using Holm's method (52) . To further illustrate the differences in gene expression pattern among subtypes, we randomly split the patients into a "training set" (two-thirds of patients) and a "test set" (one-third of patients). We constructed a subtype classifier by SVM based on transcripts associated with ALL subtypes (P < 0.01, Kruskal-Wallis test) in the training set. We then applied the classifier to patients in the test set to estimate the accuracy for predicting ALL subtype. We performed this procedure 1,000 times to provide the 95% confidence intervals of estimated accuracy.
We also predicted the MTXPG level for each patient using these candidate transcripts based on leave-one-out cross-validation with SVM. The significance of model-predicted MTXPG compared with the observed MTXPG levels was assessed by multiple linear regression analysis, adjusting for ALL subtypes. Spearman's rank correlation was used to associate MTXPG levels with the expression level of each transcript for patients within ALL subtypes, and the P values were adjusted for multiple testing according to Holm's method (52) .
Unsupervised hierarchical clustering with average linkage was used to cluster both patients and transcripts. Pearson correlation and partial correlation adjusting for subtypes were used to evaluate the relationship between 2 individual transcripts. We searched the TRANSFAC 6.0 database, using Match-Public (53), for putative transcription factor binding sites 1,200 bp upstream of those transcripts whose expression was significantly correlated. All statistical analyses were performed in R version 1.8.1 software (54).
